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were detected between both T. foetus-
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formation was observed.
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involved in the pseudocyst
transformation.
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Protein tyrosine phosphatasea b s t r a c t
The protist parasite Tritrichomonas foetus displays a pear-shaped (PS) and a pseudocystic or endoﬂagellar
form (EFF). Here, we characterised the ecto-phosphatase activity on the surface of EFF and compare its
biochemical properties to that of the PS regarding rate of substrate hydrolysis, pH activation proﬁle
and sensitivity to well-known phosphatases inhibitors. Two strains exhibiting low- and high-cytotoxicity
were used. The enzyme activities of PS and EFF exhibited similar characteristics of protein tyrosine phos-
phatases (PTP). However, the ecto-phosphatase activities for both forms presented distinct kinetic
parameters and different inhibition patterns by PTP inhibitors, suggesting the presence of distinct
ecto-enzyme activities between PS and EFF, as well, between both strains. Ultrastructural cytochemistry
conﬁrmed the differential distribution of the ecto-phosphatase activity during the EFF transformation. An
increase in the percentage of the EFF resulted in a proportional increase in the ecto-phosphatase activity.
During EFF reversion, ecto-phosphatase activity decreased and was restored to the level found in the par-
asites before EFF induction. PS and EFF from the high-cytotoxic strain exhibited higher ecto-phosphatase
activities than PS and EFF from the low-cytotoxic strain, respectively. In both strains, the EFF was moreo, Brazil.
68 A. Pereira-Neves et al. / Experimental Parasitology 142 (2014) 67–82cytotoxic and exhibited higher ecto-phosphatase activity when compared to the PS. A large part of the
ecto-phosphatase activities of EFF from both strains and PS from the high-cytotoxic strain was irrevers-
ibly inhibited when the parasites were pre-treated with a speciﬁc antibody against amoebic PTP
(anti-EhPRL). Immunoreaction assays revealed that the anti-EhPRL antibody cross-reacted with a
24-kDa protein differentially expressed on the cell surface of PS and EFF T. foetus. A positive correlation
was observed between the surface expression of 24-kDa protein and ecto-phosphatase activity. Irreversible
inhibition of a part of the ecto-phosphatase activities partially blocked the EFF induction and the cytotoxic
effects exerted by both forms. These results suggest that the ecto-phosphatase activities could play a role
on the EFF transformation and cytotoxicity of T. foetus.
 2014 Elsevier Inc. All rights reserved.1. Introduction kinetoplastid parasites, such as Trypanosoma spp. (Gallo et al.,Tritrichomonas foetus (Excavata: Parabasalia) is the causative
agent of bovine trichomonosis, a devastating venereal disease that
leads to reproductive failure in infected herds (Mardones et al.,
2008). Bovine trichomonosis creates a serious economic burden
in the South America, United States, Asia, Australia and in other
areas of the world where open range management and natural
breeding are practiced (BonDurant, 2005). Recently, T. foetus has
also been recognised as the agent of feline trichomonosis, which
is a large-bowel disease in domestic cats (Manning, 2010).
T. foetus has a simple life cycle consisting only of a trophozoitic
form, which is characterised by a pear-shaped (PS) body, three
anterior ﬂagella and one recurrent ﬂagellum. Under unfavourable
environmental conditions, such as abrupt changes in temperature
(Pereira-Neves et al., 2012) or in the presence of drugs, e.g. colchi-
cine (Madeiro da Costa and Benchimol, 2004), the trophozoite
undergoes profound morphological alterations and takes on an
endoﬂagellar form (EFF), also known as pseudocyst. In this form,
the parasite adopts a spherical or ellipsoid shape and internalises
its ﬂagella, but no cyst wall surrounds the cell. The EFF is a revers-
ible and cytotoxic form that exhibits a distinct mitotic behaviour
when compared to PS (Pereira-Neves et al., 2012). In addition, in
preputial secretions from T. foetus-infected bulls, the EFF occurs
more frequently than the PS (Pereira-Neves et al., 2011). Thus,
studies to elucidate the role of EFF in the life cycle of T. foetus
and their relationship with trichomonosis are gaining more
importance.
Similar to the related human pathogen Trichomonas vaginalis, T.
foetus is recognised as one of the most common sexually transmit-
ted infectious agents. However, several aspects of its pathogenesis
have to be fully deﬁned. Therefore, the studies concerning the
mechanisms and factors involved in the parasite’s virulence are
very important. In this context, the reversible protein tyrosine
phosphorylation represents one of the key regulatory events that
are critical to the control of many cellular, physiological and path-
ogenic processes (Heneberg, 2012). The control of protein tyrosine
phosphorylation is regulated by the coupled action of two antago-
nistic classes of enzymes: protein tyrosine kinases and protein
tyrosine phosphatases (PTPs).
PTPs comprise a large superfamily of enzymes that catalyse the
removal of a phosphate group attached to a tyrosine residue, using
a cysteinyl-phosphate enzyme intermediate. The cysteine-based
PTPs share a common highly conserved signature motif, HC-(X5)-
R, in their active catalytic sites and can be divided into four evolu-
tionary unrelated groups according to their sequence homology and
substrate speciﬁcity: (a) classical PTPs; (b) dual speciﬁcity PTPs; (c)
Cdc25 PTPs; and (d) lowmolecular weight PTPs (LMW-PTP) (Tonks,
2013). PTPs have been implicated as important pathogenic and vir-
ulence factors for several infectious agents, including viruses, bac-
teria, fungi and protists (Heneberg, 2012). For instance, a PTP of
the enterobacterium Yersinia pestis inhibits phagocytosis and the
oxidative burst by macrophages (Bahta and Burke, 2012). In2011; Szoor et al., 2006) and Leishmania spp. (Aguirre-García
et al., 2006; Nascimento et al., 2006), the PTPs may be involved in
the life cycle differentiation and invasion to the host cells. In the
protist Entamoeba histolytica, two PTPs have been cloned (EhPTPA
and EhPTPB) and the up-regulation of EhPTPA may play a role in
the adaptive response of the parasite during amoebic liver abscess
development (Herrera-Rodríguez et al., 2006).
T. foetus is an extracellular parasite that exerts its cytotoxic
effect while interacting with the surfaces of host cells. Therefore,
the presence of enzymes with catalytic sites that face the external
medium seems to be extremely important for host–parasite
interactions. The activities of these enzymes, referred to as
ecto-enzymes, can be measured using intact living cells
(Cosentino-Gomes and Meyer-Fernandes, 2011; Gomes et al.,
2011). In this context, the presence of surface-located phospha-
tases, called ecto-phosphatases, with high afﬁnity for phosphoty-
rosine substrates, including non-protein phosphoesters substrates
such of p-nitrophenyl phosphate (p-NPP), has been reported in sev-
eral pathogenic unicellular microorganisms (Gomes et al., 2011;
Heneberg, 2012), including T. vaginalis (De Jesus et al., 2002) and
T. foetus (De Jesus et al., 2006). These enzymes are able to hydro-
lyse extracellular phosphorylated substrates interfering with some
signalising pathways of the host cells (Aguirre-García et al., 2003;
Heneberg, 2012). Several biological roles for ecto-phosphatases in
protozoa parasites have been suggested, including participation
in the processes of proliferation, differentiation, adhesion, viru-
lence, and infection (Cosentino-Gomes and Meyer-Fernandes,
2011; Gomes et al., 2011).
However, little is known about the physiological role of
ecto-phosphatase activity in T. foetus and there are no reports that
provide a characterisation of this ecto-enzyme activity on the EFF.
Consequently, in the present study, we characterise the ecto-phos-
phatase activity on the surface of intact living EFF and compare its
biochemical properties to that of the PS. The question of whether a
modulation of ecto-phosphatase activity occurs during EFF forma-
tion was also assessed. Ultrastructural cytochemistry was per-
formed to localise the enzymatic activity to the parasite surface.
To clarify the molecular nature of a part of the ecto-phosphatase
activity of EFF, antibodies that recognise different classes of PTPs
of E. histolytica were assessed using complementary techniques,
such as, immunoﬂuorescence, immunogold labelling, immunoblot-
ting and inhibition assays. The possible involvement of the ecto-
enzyme activity in the process of EFF transformation and during
the interaction of both T. foetus forms with epithelial cells was also
investigated.
2. Material and methods
2.1. Chemicals
All reagents were purchased from E. Merck (D-6100 Darmsttadt,
Germany) or Sigma–Aldrich Chemical Co. (St. Louis, MO). Deionised
distilled water was used in the preparation of all solutions.
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2.2.1. T. foetus
The K strain was isolated by Dr. H. Guida (Embrapa, Rio de
Janeiro, Brazil) from the genital tract of a bull and has been main-
tained in culture since the 1970s. The CC09-1 isolate was obtained
by Dr. C.M. Campero (Patología Veterinaria, Instituto Nacional de
Tecnología Agropecuaria, Balcarce, Argentina) and axenized in
2009. Both strains were cultivated in a trypticase, yeast extract,
and maltose (TYM) medium (Diamond, 1957) supplemented with
10% fetal bovine serum. T. foetuswas grown in Pyrex culture tubes
(O.D.  L: 16 mm  150 mm), containing 20 mL of TYM medium
(initial inoculum: 1  104 parasites/mL), for 30 h at 37 C, which
corresponds to the logarithmic growth phase. These isolates are
available upon request. The viability of the parasites was checked
before and after each assay using the trypan blue dye exclusion
method (0.4% in sterile PBS). Based on the ability to destroy MDCK
cells, parasites from CC09-1 isolate were previously considered
more cytotoxic than those fromK strain (Pereira-Neves et al., 2012).
2.2.2. Madin-Darby Canine Kidney (MDCK) cells
The MDCK cells (ATCC Number CCL-34), an epithelial kidney
canine cell line, were used in interactions experiments with para-
sites. The epithelial cells were cultured in 25-cm2 ﬂasks with
DMEM supplemented with 2 mM L-glutamine, 10% heat-inacti-
vated FBS, and 50 lg/mL gentamicin. The cells were kept at 37 C
in 5% CO2 containing humidiﬁed air, with passages every 48 h.
2.3. EFF induction and reversibility assays
To obtain a large number of EFF, cultures of T. foetus grown for
30 h at 37 C in TYM medium were cooled to 4 C for up to 4 h,
without changing the medium during this period. To reversibility
assay, some samples were warmed to 37 C for 4 h after being kept
for 4 h at 4 C. In each assay, the EFF percentage was determined
from counts of at least 1000 parasites per sample after several time
points using light microscopy. Parasites grown for 30 h under stan-
dard conditions were used as controls for both assays. The percent-
age of PS and EFF was estimated before and after every
experimental procedure that was performed throughout this
study.
2.4. Preparation of plasma membrane-enriched fraction and marker
enzyme assays
PS and EFF (2  109 cells) were harvested by centrifugation,
washed and resuspended in cold 10 mM Tris–HCl buffer (pH 7.4),
containing 0.25 M sucrose, 2 mM MgCl2 and a protease inhibitor
cocktail (Sigma – Cat. No. P-2714). The parasites were disrupted
with a Potter-type homogeniser on ice and the homogenates were
pre-cleared by centrifugation (700g for 10 min at 4 C). The
supernatants (total cell extract) were submitted to three sequential
ultracentrifugation steps using a Beckman SW 28 rotor (Beckman
Coulter, USA): at 5000g for 15 min, at 12,000g for 30 min and
at 100,000g for 60 min. The resultant supernatant (soluble frac-
tion) was stored whereas the pellet (microsome fraction) was
resuspended in 10 mM Tris–HCl buffer (pH 7.4), containing 2 mM
EDTA, 2 mM DTT, 2 mM MgCl2, 150 mM KCl, 2.2 M sucrose and,
subsequently, applied to a discontinuous sucrose gradient (1.0,
1.3, 1.6 and 1.9 M). After centrifugation at 130,000g for 3 h, the
band localised at the sample-1.0 M sucrose interface, which was
previously characterised as highly enriched in plasma membrane
(Díaz et al., 1996) was collected. All procedures were performed
at 4 C. The protein content of each fraction was determined by
the Lowry method (Lowry et al., 1951), using BSA as standard.During cell fractionation, the plasma membrane enrichment
was conﬁrmed by detection assays for (Na+–K+)-ATPase activity,
a classical marker for plasma membrane, and glucose-6-phospha-
tase activity, a marker enzyme for endoplasmic reticulum. To
determine (Na+–K+)-ATPase activity, 100 lg of protein of each frac-
tion (stock concentration: 2 mg/mL) were incubated at 30 C for
1 h in 0.5 mL of a reaction medium containing 20 mM Hepes–Tris
(pH 7.0), 10 mM MgCl2, 120 mM NaCl, 30 mM KCl and 5 mM
ATP-Na2 as substrate. After addition of 0.5 mL of cold 25% charcoal
in 0.1 M HCl, the reaction tubes were centrifuged at 1500g for
10 min at 4 C and the supernatants were added to the of Fiske–
Subbarow reactive mixture (Fiske and Subbarow, 1925). The rate
of inorganic phosphate (Pi) released was then spectrometrically
measured at 660 nm wave-length. A Pi curve was used as a stan-
dard. The (Na+–K+)-ATPase activity was calculated by subtracting
the rate of Pi released in the presence of 1 mM ouabain from that
obtained in the absence of the inhibitor compound. The glucose-
6-phosphatase activity was determined as previously described
(Díaz et al., 1996).2.5. Ecto-phosphatase activity measurements
Phosphatase activity was determined by measuring the rate of
p-nitrophenol (p-NP) production from the hydrolysis of p-NPP. PS
and EFF were harvested by centrifugation, washed three times
and kept in A-buffer (116.0 mM NaCl, 5.4 mM KCl, 5.5 mM D-glu-
cose and 50 mM Hepes–Tris buffer, pH 7.2). Afterwards, intact liv-
ing PS and EFF (1  107 cells/mL) or 100 lg of protein of membrane
fractions were incubated at 25 C for 40 min in 0.5 mL of a reaction
medium containing A-buffer and 5 mM p-NPP as a substrate. After
addition of 1 mL of 1 N NaOH, the reaction tubes were centrifuged
at 1500g for 10 min at 4 C and the supernatants were measured
with a spectrophotometer at 425 nm wave-length. A p-NP curve
was used as a standard. The phosphatase activity was calculated
by subtracting the non-speciﬁc p-NPP hydrolysis measured in the
absence of parasites. The rate of ecto-phosphatase activity was
expressed as nmol of p-NP released per hour per 107 cells.2.6. Secreted phosphatase measurements
The supernatants from T. foetus cultures (PS and EFF) were col-
lected by centrifugation and ﬁltered using 0.22 lm membranes.
Meanwhile, the PS and EFF (1  107 cells/mL) were washed and
incubated in A-buffer for 40 min at 25 C. Afterwards, these super-
natants were also collected and ﬁltered as outlined above. The
absence of parasites in the TYM medium or A-buffer supernatants
was conﬁrmed using light microscopy. The enzymatic reaction was
performed and measured, as described in the Section 2.5.2.7. Inhibition assays
Several concentrations of inhibitors sodium orthovanadate (SO),
ammonium molybdate (AM), sodium ﬂuoride (NaF) and Pi were
added to the enzymatic reaction medium. In some assays,
the polyclonal anti-amoebic acid PTPs antibodies, mentioned in
the Section 2.8, were added to the reaction medium. Afterwards,
the p-NPP hydrolysis wasmeasured, as described in the Section 2.5.
The ecto-phosphatase activities in the absence of inhibitors were
assumed to be 100%. To assess inhibitor reversibility, the PS and
EFF (1  107 cells/mL) were pre-incubated in A-buffer containing
100 lM SO, AM, NaF and 10 mM Pi or the anti-amoebic PTPs anti-
bodies. After 30 min at 25 C, the parasites were washed and the
p-NP production was determined, as mentioned above. As control,
the parasites were pre-incubated in A-buffer without inhibitors.
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PS and EFF were ﬁxed with paraformaldehyde and allowed to
adhere to poly-L-lysine-coated glass coverslips. The parasites (per-
meabilized or not with 0.1% Triton X-100 for 10 min) were blocked
with 50 mM ammonium chloride and 3% BSA. In some assays, the
non-permeabilized parasites were treated with 5% urea in 0.1 M
Tris–HCl (pH 9.5) at 90 C for 5 min before blocking. Next, the sam-
ples were incubated overnight at 4 C with the following poly-
clonal anti-amoebic acid PTPs antibodies: (a) anti-EhPTPA or
anti-EhPTPB (dilution 1:100) generated against two classical PTPs
(Herrera-Rodríguez et al., 2006); and (b) anti-EhPRL (dilution
1:200) raised against a dual speciﬁcity PTP (GenBank accession
number: XP_657240.1) similar to phosphatase of regenerating
liver (PRL) (Ramírez-Tapia et al., 2013). The preimmune serum
was used as negative control. The primary antibodies were
revealed with an anti-mouse IgG Alexa-488-conjugated antibody
(Life Technologies, USA), and the samples were observed using a
Zeiss Axiophot II ﬂuorescent microscope (Zeiss, Germany). The
images were randomly acquired with a high resolution digital
camera (AxioCam MRc5, Zeiss, Germany). In some assays, the pri-
mary antibodies were omitted and the samples were incubated
with the anti-mouse Alexa-488-conjugated antibody only. No
labelling was observed under this condition.
2.9. Transmission electron microscopy (TEM)
2.9.1. Ultrastructural cytochemistry for ecto-phosphatase activity
To localise the phosphatase activity on the parasite surface,
both forms were preﬁxed in 1% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) for 30 min at 25 C. Afterwards, the parasites were
incubated for 60 min at 25 C in a reaction medium containing
0.1 M Tris–maleate buffer (pH 6.8), 10 mM p-NPP and 2.4 mM lead
nitrate. The parasites were re-ﬁxed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2) for 2 h at 25 C, post-ﬁxed for 30 min in
1% OsO4, dehydrated in acetone and embedded in Epon. As con-
trols, the parasites were incubated either in the absence of p-NPP
or in the presence of 100 lM SO. Ultrathin sections were observed
with a JEOL 1210 transmission electron microscope. The images
were randomly acquired with a CCD camera system (MegaView
G2, Olympus, Germany).
2.9.2. Immunogold electron microscopy
PS and EFF were processed for TEM, as described above. For
immunolabelling, thin sections were etched with 0.1% hydrogen
peroxide for 10 min and quenched in 50 mM ammonium chloride,
3% and 1% BSA, and 0.2% Tween-20. Next, the samples were incu-
bated with the anti-amoebic PTPs antibodies or the preimmune
serum, as described in the Section 2.8. After several washes, the
thin sections were incubated with 10 nm gold-labelled goat anti-
mouse IgG (BB International, UK) and observed as mentioned
above. In some assays, the primary antibodies were omitted and
the samples were incubated with the gold-labelled goat anti-
mouse antibody only. No labelling was observed under this
condition.
2.10. Immunoblotting
Samples of the total cellular extract (20 lg) or of the membrane
fractions (20 lg) from PS and EFF were separated by 12%
SDS–PAGE and transferred to a polyvinylidene ﬂuoride (PVDF)
membrane (Millipore Corporation, USA). Kaleidoscope Pre-stained
Standard (Bio-Rad, Brazil) was used as molecular weight standard.
Blots were incubated with the anti-EhPRL antibody (dilution
1:2000) for overnight at 4 C. The preimmune serum was used as
negative control. The speciﬁcally bound primary antibodies weredetected using a horseradish peroxidase-conjugated goat anti-
mouse IgG antibody (dilution1:2000) for 1 h at room temperature.
Blots were developed using the DAB Enhanced Liquid Substrate
system (Sigma–Aldrich Chemical Co., St. Louis, MO), according
the manufacturer’s instructions. The images were acquired with
a scanner (HP G4050, Hewlett–Packard, Brazil). A mouse poly-
clonal anti-GAPDH antibody (dilution 1:1000) was used as loading
control for the samples from the total cellular extract. For the load-
ing control, the same samples were loaded in separated slots on
the same gel for EhPRL labelling and, posteriorly, the gel was cut
and blotted in a separated PVDF membrane. The protein levels
were quantiﬁed by densitometry analyses using GelQuantNET soft-
ware (http://biochemlabsolutions.com/GelQuantNET.html) and
were expressed in relative densitometry units. The results were
normalised to the intensity of GAPDH bands for each correspond-
ing sample. We did not ﬁnd available antibodies that speciﬁcally
recognise proteins in the samples of the plasma membrane fraction
from T. foetus to be used as a proper loading control.
2.11. Effects of SO and anti-amoebic PTPs antibodies on EFF induction
and reversibility assays
PS and EFF were pre-incubated for 30 min at 25 C in A-buffer
containing either 100 lM SO or the anti-amoebic PTPs antibodies.
As control, both forms were pre-incubated in A-buffer without
inhibitor or antibodies. The preimmune serum was also used as
negative control. Afterwards, untreated or pre-treated parasites
with SO or anti-PTPs antibodies, were washed, kept in A-buffer
and submitted to the EFF induction and reversibility assays, as out-
lined in the Section 2.3. To determine whether SO or anti-PTPs
antibodies were able to induce EFF formation, pre-treated parasites
with SO or anti-PTPs antibodies were washed and kept in A-buffer
for up to 4 h at 25 C.
2.12. Parasite–host cell interactions
All conditions for the co-incubation assays were exactly the
same as those established in a previous study (Pereira-Neves
et al., 2012). MDCK cells were seeded onto 24-well tissue culture
plates in DMEM medium and allowed to form a conﬂuent mono-
layer (2  105 cells) at 37 C in 5% CO2. Conﬂuent MCDK cells were
co-incubated with either the PS or the EFF for 1.5 h at a parasite to
host cell ratio of 5:1. As control, parasites were not added to mon-
olayers. The interaction assay was monitored by inverted phase-
contrast microscopy. The percentage of PS and EFF in each sample
and the average number of attached parasites per microscopic ﬁeld
were determined. After co-incubation, MTT assay was performed
as previously described (Pereira-Neves et al., 2012), to compare
the cytotoxicity of both forms to MDCK cells. The cytotoxicity
was calculated with the following equation: 1  (E/C). All measure-
ments of experimental (E) samples were indexed to those of con-
trol (C) samples (E/C), which showed no loss of viability, and
then subtracted from 1.0. In some samples, prior to co-incubation
assays, both forms were pre-incubated with SO or the anti-amoe-
bic PTPs antibodies, as described in the Section 2.11. Afterwards,
untreated or pre-treated parasites were used immediately for
interaction assays with MDCK cells, as outlined above.
2.13. Statistical analysis
Statistical comparison was performed by two-way ANOVA test,
using computer analysis (GraphPad Prism v. 5.00, California, USA).
p < 0.05 was considered to be statistically signiﬁcant. The kinetic
parameters, maximal velocity (Vmax) and apparent Michaelis–Men-
ten constant (Km), for p-NPP were calculated using a computerised
non-linear regression analysis of the data to the Michaelis–Menten
A. Pereira-Neves et al. / Experimental Parasitology 142 (2014) 67–82 71equation (GraphPad Prism v. 5.00, California, USA). The results for
all assays are the average of three independent experiments per-
formed at least in triplicate.3. Results
3.1. Ecto-phosphatase activity
3.1.1. Establishment of conditions for the enzymatic assays
The experiments were performed using intact living PS and EFF
obtained from a low- (K) and a high- (CC09-1) cytotoxic strain. The
results for the EFF induction and reversibility assays obtained here
were exactly the same as those previously reported (Pereira-Neves
and Benchimol, 2009; Pereira-Neves et al., 2012). Parasites exhib-
iting a PS or amoeboid body with at least one visible external ﬂa-
gellum were designated as PS (Supplementary Fig. S1a). Only
parasites with no visible external ﬂagella were considered to be
EFF (Supplementary Fig. S1b, c). Preliminary experiments were
performed to establish the optimal conditions for minimising the
reversion rate of the EFF and for avoiding the transformation of
PS into EFF during the enzymatic assays. After these experiments,
the ecto-phosphatase activities for both forms were measured for
40 min at 25 C in A-buffer containing p-NPP. Unless otherwise
speciﬁed, under all conditions used throughout the present work,
the number of parasite per mL, the cell viability and the percentage
of the PS and EFF in each sample remained unaltered.
Some assays were performed using a plasma membrane-
enriched fraction of PS and EFF. In this fraction, the activity of
the plasma membrane marker enzyme (Na+–K+)-dependent, oua-
bain-sensitive ATPase was 11-fold greater than that of the total
cell extract (Supplementary Fig. S2). The low activity of glucose-
6-phosphatase detected in the plasma membrane fraction indi-
cated that the contamination by endoplasmic reticulum was
minimal (Supplementary Fig. S2). These results were similar for
both forms and isolates.Fig. 1. Detection of phosphatase activity in intact living parasites and in the supernatant
bars). (a) K strain. (b) CC09-1 isolate. The values are expressed as the means ± S.D of three
performed at pH 7.2. In both strains, the phosphatase activities of EFF were greater than
failed to show p-NPP hydrolysis. ⁄⁄⁄p < 0.001 compared with PS.3.1.2. Biochemical properties of ecto-phosphatase activities in PS and
EFF T. foetus
The intact living PS from K (Fig. 1a) and CC09-1 (Fig. 1b) strains
hydrolysed the phosphotyrosine analogue p-NPP at a rate of
13.15 ± 0.77 and 59.09 ± 4.24 nmol p-NP.107 cells h1, respec-
tively, at pH 7.2. The phosphatase activities of living EFF from K
and CC09-1 strains were 5.0- and 1.6-fold greater than those of
PS, respectively (Fig. 1a,b) (p < 0.001). In both strains, the phospha-
tase activities of PS and EFF were linear for at least 60 min and with
the increase of parasite density (Supplementary Fig. S3).
To determine whether p-NPP hydrolysis was a consequence of
enzyme secretion or cellular lyses, PS and EFF were incubated in
A-buffer without p-NPP and these supernatants, as well those from
the TYM culture medium were assessed for phosphatase activity
(Fig. 1a,b). The supernatants of either TYM or A-buffer from both
forms exhibited, respectively, less than 10% and 2% of the phospha-
tase activities that were found using living parasites (Fig. 1a,b).
These results ruled out the possibility that the phosphatase activ-
ities could be derived from either lysed parasites or from phospha-
tases that had been secreted into the reaction medium.
To analyse the inﬂuence of pH, the ecto-phosphatase activities
of intact living PS and EFF were measured in a pH range from 6.4
to 8.0 (Fig. 2a,b). This range was chosen because the viability of
both forms was decreased at a pH lower than 6.0 or higher than
8.0 and 30% of PS was transformed into EFF after 30 min of incu-
bation in A-buffer at a pH range of 6.0–6.3. The ecto-enzyme activ-
ities of living PS and EFF were decreased as the pH was increased,
suggesting the presence of acid phosphatase activities (Fig. 2a,b).
Using a plasma membrane-enriched fraction of PS and EFF, it
was found that the ecto-phosphatase activities of PS and EFF
reached a maximum at pH 6.4 and 6.0, respectively (Fig. 2c,d).
The ecto-enzyme activities of living (Fig. 2a,b) and membrane frac-
tion (Fig. 2c,d) of EFF were signiﬁcantly higher than those in PS
within the pH range of 6.4–7.6 and 6.0–7.6, respectively. At each
pH value in these ranges, PS and EFF from the CC09-1 isolate
(Fig. 2b,d) exhibited higher ecto-phosphatase activities whens of TYM culture and A-buffer medium from PS (light grey bars) and EFF (dark grey
independent experiments, each performed in triplicate. The enzyme reactions were
those of PS. The supernatants of both TYM and A-buffer medium from both forms
Fig. 2. Inﬂuence of pH on the ecto-phosphatase activities of intact living (a,b) and plasma membrane-enriched fraction (c,d) of PS (.) and EFF (d) from K (left-hand panels)
and CC09-1 strains (right-hand panels). The values are expressed as the means ± S.D of three independent experiments, each performed in triplicate. In both strains, the ecto-
phosphatase activities of PS and EFF reached a maximum at pH 6.4 and 6.0, respectively. The ecto-enzyme activities of living and membrane fraction of EFF were higher than
those of PS at a pH range of 6.4–7.6 and 6.0–7.6 respectively. ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001 compared to PS.
Table 1
Kinetic parameters of ecto-phosphatase activities detected on living PS and EFF T. foetus.
Kinetic parameters K strain CC09-1 strain
PS EFF PS EFF
Vmax (nmol p-NP.107 cells h1) 19.09 ± 0.39 63.80 ± 1.12 64.37 ± 1.04 101.50 ± 1.63
Km (mM p-NPP) 1.93 ± 0.15 0.60 ± 0.05 0.60 ± 0.05 0.57 ± 0.05
Note: The individual Vmax and Km values were obtained by non-linear regression using the Michaelis–Menten equation. The enzyme reactions were performed at pH 7.2. The
values are expressed as the means ± S.D of three independent experiments, each performed in triplicate.
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Although the enzymatic activities exhibited an optimum pH in
the acidic range, all experiments were carried out at pH 7.2
because the lowest EFF reversion rates were obtained at this pH
for incubations longer than 60 min in A-buffer.The dependence on p-NPP concentration revealed a normal
Michaelis–Menten kinetics for the ecto-phosphatase activities of
intact living PS and EFF (Supplementary Fig. S4). The comparison
of the kinetics parameters obtained for the PS and EFF from K and
CC09-1 strains suggests that the ecto-phosphatase activities could
Fig. 3. Ultrastructural cytochemistry for phosphatase activity in PS from the CC09-1 isolate grown under standard conditions (a,b) and parasites undergoing the process of
EFF transformation (c,d). (a,b) A positive labelling (arrows) is seen homogeneously distributed on the external surface and the anterior ﬂagella (F). (b) No labelling is observed
on the recurrent ﬂagellum (RF) surface and the undulating membrane (UM). (c,d) Parasites at 4 C for 1 h. Some regions of ﬂagella are internalised (IF), whereas regions of RF
are still external. (c) Labelling is homogeneously seen on the UM (arrow heads), cell surface (small arrows) and the internalised undulating membrane (large arrow). (d) The
enzymatic activity is observed on the UM (black arrows) and cell surface (white arrows). Some regions of plasma membrane (asterisks) are not labelled. C, costa; ER,
endoplasmic reticulum; H, hydrogenosome; V, vesicle. Bars, 500 nm.
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The phosphatase activity of PS from the K strain presented low
capacity (Vmax value) and afﬁnity (Km value) for the p-NPP, whereas
the EFF from the same strain and both forms from the CC09-1 isolate
exhibited enzyme activitieswith higher capacity and afﬁnity for the
substrate (Table 1). Although the enzymatic activities of PS and EFF
from theCC09-1 strainhave shownsimilar afﬁnity for thep-NPP, the
EFF presented a higher enzyme capacity when compared to the PS
(Table 1).
To further characterise and compare the phosphatase activities
of both forms, the effects of several phosphatase inhibitors on p-
NPP hydrolysis were investigated. AM (Supplementary Fig. S5a, b)
and SO (Supplementary Fig. S5c, d), two well-known inhibitors of
acid PTPs, and NaF (Supplementary Fig. S5e, f), an inhibitor of acid
phosphatases, reduced the phosphatase activities of living PS and
EFF in a dose-dependent manner. In the K strain, the ecto-phospha-
tase activity of the EFF was more susceptible to these compounds
when compared to the PS (p < 0.001); however, there was no signif-
icant difference between the enzyme inhibition proﬁles of EFF from
both isolates and PS from the CC09-1 strain (Supplementary
Fig. S5a, f). Similar results were obtained when the enzymaticassays were performed using plasmamembrane-enriched fractions
(Supplementary Table S2). These data suggest the presence of dis-
tinct ecto-phosphatase activities between both forms, at least in
the K strain. Pi, the ﬁnal product of enzyme reactions catalysed by
phosphatases, provoked a similar pattern of enzyme inhibition in
living PS and EFF from both isolates (Supplementary Fig. S5g, h).
Levamizole (up to 1.0 mM), a well-known alkaline phosphatase
inhibitor, sodium tartrate (up to 1.0 mM), an inhibitor for secreted
phosphatases, okadaic acid (up to 10 lM) and microcystin-LR (up
to 100 nM), two speciﬁc phosphoserine/threonine phosphatase
inhibitors, had no signiﬁcant effects on the phosphatase activities
of living PS and EFF from both isolates (Supplementary Table S1).
In addition, the impermeant anion channel blocker 4,40-diisothio-
cyanatostilbene-2,20-disulfonic acid (DIDS) (up to 1.0 mM) and
ouabain (up to 1.0 mM), a Na+/K+-ATPase inhibitor, were also
tested to rule out the inﬂuence of anion transporters and surface
ATPases on the phosphatase activities of both forms. These two
compounds did not affect the enzyme activities of PS and EFF from
both isolates (Supplementary Table S1).
Only SO showed an irreversible effect on the ecto-phosphatase
activities of both living forms. Taken together, these results suggest
Fig. 4. Ultrastructural cytochemistry for phosphatase activity in EFF from the CC09-1 strain obtained after induction assay. Notice that ﬂagella (F) are internalised. (a)
Labelling (arrows) is homogeneously seen on the cell surface. (b) Large electron-dense precipitates (arrows) are heterogeneously observed on the cell surface. Some regions of
the plasma membrane (asterisks) are not labelled. (c,d) A labelling (arrows) is observed on the cytoplasmic ﬂagellar canal and plasma membrane. (e) The parasite is labelled
on the cell surface (small arrows) and in the internalised undulating membrane (large arrow). (f) The enzymatic activity (arrows) is seen on the surface regions where the
ﬂagella (F) were internalised. H, hydrogenosomes. Bars, a, c, e 500 nm; b, d, f 250 nm.
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characteristics of the acid PTP.
3.1.3. Ultrastructural cytochemistry for ecto-phosphatase activity
To localise the ecto-phosphatase activity in the EFF and com-
pare its distribution to that on the PS, ultrastructural cytochemis-
try was performed (Figs. 3 and 4). Similar results were obtained
for both isolates: 100% of PS (n = 3, 100 ultra-thin sections)
exhibited small electron-dense deposits homogeneously distrib-
uted on their surfaces (Fig. 3a,b), including the anterior ﬂagellar
membranes (Fig. 3a). However, no reaction was found on the
recurrent ﬂagellum surface and the undulating membrane
(Fig. 3b). In contrast, the undulating membranes of parasites
undergoing the EFF transformation were labelled (Fig. 3c,d) and
77% of the parasites (n = 3, 100 ultra-thin sections) exhibited
small electron-dense deposits homogeneously distributed on the
undulating membrane and cell surface (Fig. 3c), whereas23% pre-
sented large electron-dense clusters homogeneously distributed
on the undulating membrane but heterogeneously found on the
plasma membrane (Fig. 3d).
After the induction assay, the external surface of the EFF exhib-
ited a labelling similar to that observed in parasites undergoing EFF
transformation (Fig. 4a,b). The plasma membranes of 60% of EFF
(n = 3, 100 ultra-thin sections) presented small deposits that were
homogeneously distributed (Fig. 4a), whereas large electron-dense
precipitates were heterogeneously found on the surfaces of 40%(Fig. 4b). In all analyses, the EFF also exhibited a labelling on the
cytoplasmic ﬂagellar canals (Fig. 4c,d), in the internalised undulat-
ing membranes (Fig. 4e) and on the surface regions where the ﬂa-
gella were internalised (Fig. 4f). After the reversibility assay, the
distribution pattern of the ecto-phosphatase activity was similar
than that found in PS before EFF induction (not shown). In both
forms, the controls presented negative results (not shown).
3.2. Time-course of ecto-phosphatase activity during EFF induction
and reversibility assays
The differential distribution of ecto-phosphatase activities
between PS and EFF, as detected by cytochemistry, led us to assess
whether a modulation of enzyme activity occurs during the EFF
transformation. A positive correlation between ecto-phosphatase
activity and EFF formation was observed (Fig. 5). In both isolates,
an increase in the percentage of the EFF resulted in a proportional
increase in ecto-phosphatase activity (Fig. 5a,b). During the revers-
ibility assay, the percentage of the EFF and the enzyme activity
decreased and were restored to the levels found in PS before EFF
induction (Fig. 5c,d).3.3. Immunodetection assays for PTPs
Because the ecto-phosphatase activities of PS and EFF exhibited
similar characteristics of PTP, immunodetection assays with three
Fig. 5. Time course of ecto-phosphatase activity in living parasites from the K (left-hand panels) and CC09-1 isolates (right-hand panels) during EFF induction (a,b) and
reversibility (c,d) assays. The values are expressed as the means ± S.D of three independent experiments, each performed in triplicate. The enzyme reactions were performed
at pH 7.2. (a,b) In both isolates, the ecto-phosphatase activities (j) increased over the course of EFF induction (columns). (c,d) During the course of EFF reversibility
(columns), the ecto-phosphatase activities (j) of both isolates decreased and were restored to the levels found in PS before EFF induction.
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of E. histolytica were performed in attempt to better clarify the
molecular nature of a part of the ecto-enzyme activities of both
parasite forms, at least. Initially, the antibodies were assessed by
immunoﬂuorescence in order to determine which of them were
able to recognise the parasite’s surface. Non-permeabilized and
permeamilized PS and EFF were used. In all conditions, no labelling
was observed when anti-EhPTPA and anti-EhPTPB antibodies (gen-
erated against two classical PTPs) were used (not shown).
In contrast, the labelling obtained with anti-EhPRL antibody
(raised against a dual speciﬁcity PTP similar to PRL) showed prom-
ising results (Fig. 6). In the K strain, non-permeabilized PS did not
exhibit labelling (Fig. 6a,b), whereas both spontaneous EFF
(Fig. 6a,b), which are naturally encountered under standard
growth conditions, and EFF obtained after cold-induction assay
(Fig. 6c,d) showed a strong staining on the cell surface. In the
CC09-1 isolate, both PS (Fig. 6e, f) and EFF (spontaneous and
cold-induced) (Fig. 6e,h) presented a surface labelling; however,
the intensity of staining on EFF was higher than that observed
on PS (Fig. 6e,h). In permeabilized PS an EFF from both
strains, the labelling of anti-EhPRL antibody was found aspunctate cytoplasmic structures and in the perinuclear region
(Supplementary Fig. S6). No ﬂuorescence was observed when the
preimmune serum was used (not shown). No changes were
observed in the labelling pattern when non-permeabilized PS and
EFF were submitted to the heat-induced epitope retrieval treat-
ment (not shown).
Immunoelectron microscopy conﬁrmed a labelling on the
plasma membrane of PS from CC09-1 isolate and EFF from both
strains (Supplementary Fig. S7). PS and EFF from both isolates
also presented a labelling in the endoplasmic reticulum, Golgi
complex and on the surface of vesicles that were found close to
the plasma membrane and throughout the cytosol (Supplementary
Fig. S7).
Immunoblotting revealed that the anti-EhPRL antibody speciﬁ-
cally cross-reacted with a 24-kDa protein of PF and EFF from both
isolates (Fig. 7; Supplementary Fig. S8). In the total extract frac-
tions of both strains, the expression level of 24-kDa protein
increased 1.4-fold after EFF induction (Supplementary Fig. S8b).
However, in the plasma membrane-enriched fraction, the 24-kDa
protein levels in EFF from K and CC09-1 strains were 4.7- and
1.6-fold greater than those of PS, respectively (Fig. 7). In each
Fig. 6. Immunoﬂuorescence of non-permeabilized PS and EFF after incubation with anti-EhPRL antibody. Left-hand panels: DIC microscopy; Right-hand panels: ﬂuorescence
microscopy. (a,b) Parasites from K strain under standard culture conditions. No labelling is observed in PS (asterisks). Spontaneous EFF (arrows) exhibit an intense surface
labelling. (c,d) EEF from K strain obtained after induction assay showing cell surface staining. (e, f) Parasites from CC09-1 isolate under standard growth conditions. PS
(asterisks) exhibit a moderate surface staining and spontaneous EFF (arrows) show a more intense labelling. (g,h) EEF from CC09-1 isolate obtained after induction assay
exhibiting cell surface labelling. The images (b,d) and (f,h) were acquired with 310 ms and 198 ms exposure time, respectively. Bars, 10 lm.
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membrane of PS and EFF (Fig. 7) was similar to the ratio of the
ecto-phosphatase activities obtained for PS and EFF at pH 7.2
(Figs. 1 and 2). No signiﬁcant differences were found in the24-kDa protein levels of EFF from K strain and PS from CC09-1
isolate (Fig. 7; Supplementary Fig. S8).
To verify whether a reorganisation in the surface-labelling
pattern of the anti-EhPRL antibody occurs during the EFF
Fig. 7. Immunoblot analyses of anti-EhPRL antibody in the plasma membrane-enriched fractions of PS and EFF from K and CC09-1 strains. (a) Representative immunoblot
showing that the antibody reacted speciﬁcally with a 24-kDa protein. S, molecular weight standard. (b) Densitometric analysis. The results are normalised to the intensity of
bands of PS from K strain and are expressed as relative density in arbitrary units (AU) ± S.D of three independent experiments. The 24-kDa protein levels increased 4.7- and
1.6-fold after EFF induction in K and CC09-1 strains, respectively. ⁄⁄⁄p < 0.001 compared to PS from K strain.
Fig. 8. DIC microscopy followed by immunoﬂuorescence of non-permeabilized parasites during the EFF transformation using the polyclonal anti-EhPRL antibody. (a,b) PS
from CC09-1 strain under standard growth conditions. No labelling is observed on the recurrent ﬂagellum and the undulating membrane (arrowheads). (c,d) PS from CC09-1
strain after 30 min at 4 C. A labelling is homogeneously seen on the cell surface and undulating membrane (arrowheads). (e, f) PS from K strain after 30 min at 4 C. A
labelling is observed in a patchwork pattern on the adjacent surface area to the recurrent ﬂagellum (arrowheads) and costa (arrows), a cytoskeletal structure associated to this
ﬂagellum. (g,h) PS from K strain after 1 h at 4 C. A labelling is heterogeneously seen along the parasites’ surface with higher ﬂuorescence intensity on the adjacent region to
the recurrent ﬂagellum (arrowheads). (i–l) EFF from CC09-1 strain obtained after induction assay. (i, j) A labelling is observed in a patchwork pattern on the adjacent surface
to the costa (arrows). (k, l) A homogeneous staining is seen on the parasite’s surface. The images (b,d, f,h) and (j, l) were acquired with 310 ms and 198 ms exposure time,
respectively. Bars, 4 lm.
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Fig. 9. Immunogold electron microscopy of T. foetus using anti-EhPRL antibody. (a,b) Transversal (a) and longitudinal (b) detailed views of the recurrent ﬂagellum (RF) of PS
from CC09-1 isolate under standard growth conditions. Gold particles (arrows) are seen on the plasma membrane (PM), but no labelling is observed on the RF and the
undulating membrane (UM). (c,d) High magniﬁcation of RF of PS from CC09-1 (c) and K (d) strains after 30 min at 4 C. The UM and the RF surface are labelled (arrows). (e, f)
Longitudinal (e) and crossed (f) detailed views of the internalised ﬂagella (IF) of EFF from CC09-1 strain obtained after induction assay. Gold particles are distributed on the
PM (arrows), and on the cytoplasmic ﬂagellar canals (arrowheads). C, costa. Bars, a–c, e, 300 nm; d, f, 150 nm.
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labelling (Fig. 9) were performed during time-course of EFF induc-
tion and reversibility assays. Although PS from CC09-1 isolate
exhibited a staining homogeneously distributed on its surface, no
labelling was found on the undulating membrane (Figs. 8a,b and
9a,b) and on the plasma membrane of PS from the K strain
(Fig. 6a,b). However, after 30 min of EFF induction assay, the undu-
lating membrane and the recurrent ﬂagellum were labelled
(Figs. 8c,d and 9c,d) in 100% of parasites from both strains(n = 3, 300 cells or 100 thin sections). At the beginning of EFF trans-
formation, the parasites (K strain) exhibited a labelling that was
distributed in a patchwork pattern on the adjacent cell surface to
the recurrent ﬂagellum only (Fig. 8e, f). After 1 h of induction,
64% of the parasites from K strain undergoing the EFF transfor-
mation (n = 3, 300 cells or 100 thin sections) exhibited a surface
labelling pattern similar to that found on the parasites from
CC09-1 isolate (Fig. 8c,d), whereas 36% (K strain) showed a stain-
ing heterogeneously distributed along the parasites’ surface,
Table 2
Effects of anti-EhPRL antibody (dilution 1:200) on p-NPP hydrolysis, cytotoxicity and EFF induction and reversibility assays of T. foetus.
Condition K strain CC09-1 strain
PS EFF PS EFF
Rate of p-NPP hydrolysis (nmol p-NP.107 cells h1) pH 7.2
Control 14.00 ± 2.96 58.30 ± 3.49 61.64 ± 3.78 94.10 ± 2.36
After anti-EhPRL pre-treatment 12.26 ± 3.45 10.61 ± 2.31a 13.28 ± 4.61a 16.82 ± 2.16a
Cytotoxicity (1-E/C)⁄ after 1.5 h of interaction
Control 0.29 ± 0.03 0.55 ± 0.04 0.53 ± 0.02 0.82 ± 0.01
After anti-EhPRL pre-treatment 0.26 ± 0.03 0.22 ± 0.02a 0.21 ± 0.03a 0.29 ± 0.04a
EFF induction and reversibility assasys (% parasites)
Cultures at 25 C for 4 h 90.64 ± 2.76 9.36 ± 2.76 72.66 ± 3.41 27.34 ± 3.41
Cultures at 25 C for 4 h after anti-EhPRL pre-treatment 84.99 ± 4.28 15.01 ± 4.28 67.13 ± 3.67 32.87 ± 3.67
Cultures submitted to EFF induction 6.07 ± 1.65b 93.93 ± 1.65b 3.03 ± 2.7b 96.97 ± 2.7b
Cultures submitted to EFF induction after anti-EhPRL pre-treatment 48.67 ± 2.67b,c 51.33 ± 2.67b,c 60.13 ± 4.86b,c 39.87 ± 4.86b,c
EFF parasites submitted to reversibility assay 88.9 ± 3.91 11.10 ± 3.91 77.64 ± 2.84 22.36 ± 2.84
EFF parasites submitted to reversibility assay after anti-EhPRL pre-treatment 86.43 ± 2.53 13.57 ± 2.53 66.97 ± 2.71 33.03 ± 2.71
Note: The assays were performed as described in Methods section. The values are expressed as the means ± S.D of three independent experiments, each performed in
triplicate.
* 1 – (E/C): all measurements of experimental (E) samples were indexed to those of control (C) samples (E/C), which showed no loss of viability, and then subtracted from 1.0.
a p-value < 0.001 as compared with control.
b p-value < 0.001 as compared with parasite cultures at 25 for 4 h.
c p-value < 0.001 as compared with parasite cultures submitted to EFF induction.
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the recurrent ﬂagellum (Fig. 8g,h). At the end of induction, the sur-
face of44% of the EFF from both isolates exhibited a surface label-
ling heterogeneously distributed in a patchwork pattern (Fig. 8i, j),
whereas a homogeneous staining was found on the surface of
56% (Fig. 8k, l). The EFF also exhibited a labelling on the cytoplas-
mic ﬂagellar canals (Fig. 9e, f). These results were similar to that
found by ultrastructural cytochemistry (Figs. 3 and 4). After the
EFF reversibility, the distribution pattern of the anti-EhPRL anti-
body was similar to that found in PS before EFF induction (not
shown). No signiﬁcant changes were observed in the labelling pat-
tern of permeabilized parasites (not shown).
To investigate whether the protein recognised by anti-EhPRL
antibody could be involved in the ecto-phosphatase activities of
both forms, intact living PS and EFF were pre-treated with the anti-
body for 30 min at 25 C, and the rate of p-NPP hydrolysis was
measured (Table 2). To rule out the possibility of an antibody-
induced capping on the surface antigens, living PS and EFF were
immediately ﬁxed after pre-treatment with the primary anti-
amoebic antibodies and processed for immunoﬂuorescence. In
these assays, the distribution pattern of the anti-EhPRL antibody
was similar to that described in Figs. 6 and 8, where the parasites
were ﬁrstly ﬁxed and, then, incubated with the anti-amoebic anti-
body (Supplementary Fig. S9). The ecto-phosphatase activity of liv-
ing PS from K strain was not signiﬁcantly affected by pre-treatment
anti-EhPRL antibody (Table 2). However, the ecto-enzyme activi-
ties of pre-treated living PS from CC09-1 isolate and EFF from both
isolates were reduced to the same level found in the PS from K
strain (Table 2). The anti-EhPRL pre-treatment showed an irrevers-
ible effect on these ecto-phosphatase activities (not shown). Simi-
lar results were obtained when the enzymatic assays were
performed using plasma membrane-enriched fractions (Supple-
mentary Table S2). The anti-EhPTPA and anti-EhPTPB antibodies
or pre-immune serum did not affect the enzyme activities of living
PS and EFF from both isolates (not shown). BZ3 (3-(3,5-dibromo-4-
hydroxy-benzoyl)-2-ethyl-benzofuran-6-sulfonicacid-(4-(thiazol-
2-ylsulfamyl)-phenyl)-amide), a speciﬁc inhibitor of PTP1b (a classical
PTP of mammals and very similar to some PTPs found in Kinetop-
lastids and Entamoeba), did also not affect the ecto-phosphatase
activities of both forms (Supplementary Table S1), Taken together,these results indicate that anti-EhPRL antibody could recognise an
enzyme responsible for a part of the distinct ecto-phosphatase
activities detected between both forms and isolates.
3.4. Effects of the irreversible inhibition of ecto-phosphatase activity
on the parasite–host cell interaction and EFF formation
To determine whether the irreversible inhibition of ecto-phos-
phatase activity was able to affect the interaction of T. foetus with
host cells, as well the EFF induction and reversion rates, both forms
were pre-treated with either anti-EhPRL antibody (Table 2) or
100 lM SO (Supplementary Table S3). Treated and untreated PS
and EFF were, then, co-incubated with MDCK cells or submitted
to EFF induction and reversibility assays (Table 2; Supplementary
Table S3).
After the co-incubation assays, the EFF reversion rate was less
than 20% for both isolates. The average number of attached para-
sites on MDCK cells per microscopic ﬁeld was similar for PS and
EFF from both isolates: 30 parasites/microscopic ﬁeld. As
expected, after 1.5 h of incubation with parasites under control
conditions (no pre-treatment), the cytotoxicity caused by the EFF
from both isolates was signiﬁcantly higher than that of the PS
(Table 2; Supplementary Table S3).
After pre-treatment with antibody (Table 2) or SO (Supplemen-
tary Table S3), we observed that: (a) the adhesion rate for both
forms was not affect (not shown); (b) the cytotoxicity exerted by
PS from K strain was not signiﬁcantly affected, whereas the cyto-
toxicity exerted by PS from CC09-1 isolate and EFF from both iso-
lates were reduced to the same level found in the PS from K strain;
(c) the rates of EFF formation in both isolates were partially inhib-
ited, whereas the rates of EFF reversion was not affect.
The pre-treatment with anti-EhPTPA and anti-EhPTPB antibod-
ies or pre-immune serum had no signiﬁcant effects on the cytotox-
icity and the EFF induction and reversion rates of PS and EFF from
both isolates (not shown). BZ3 did also not affect the cytotoxicity
and the EFF induction and reversion rates of both isolates (not
shown). Because SO inhibits Na+/K+-ATPase and others ions trans-
porters, the effects of pre-treatment of ouabain (1.0 mM) and DIDS
(1.0 mM) on the parasite–host cell interaction and EFF formation
were also evaluated in order to rule out a possible inﬂuence of
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experiments. These two compounds did not affect the cytotoxicity
and the EFF induction and reversion rates of both isolates (not
shown).4. Discussion
Until now, the most of studies concerning T. foetus phospha-
tases have been performed either with crude parasite lysates
(Lockwood et al., 1988; Müller, 1973) or puriﬁed enzymes
(Gustafson et al., 2005; Thomas et al., 2002), and little is known
about their biological functions in living cells. The present study
was focused on characterising the ecto-phosphatase activities of
intact living PS and EFF T. foetus because we were interested in
the possible roles of these ecto-enzymes activities on the parasite’s
transformation and cytotoxicity.
To establish that enzyme activities are due to ecto-enzymes, the
following conditions must be met: (a) the enzymes have to act on
an extracellular substrate, such as the p-NPP; (b) cellular integrity
is maintained during enzyme activity; (c) the products are released
extracellularly; (d) the enzymes are not released to the extracellu-
lar environment; and (e) the enzyme activities can be modiﬁed by
speciﬁc non-penetrating compounds, such as, SO, AM and NaF
(Meyer-Fernandes, 2002). In this study, all these criteria were
followed and, therefore, our data support the presence of the
ecto-phosphatase activities for both T. foetus forms. The surface
localisation of phosphatase activities was also conﬁrmed by
ultrastructural cytochemistry and assays using plasma mem-
brane-enriched fractions. SO, AM and NaF may also inhibit intra-
cellular phosphatases. However, these compounds present a low
ability to cross biomembranes because of their negative charges
and highly ionised nature (Maccari and Ottana, 2012). In addition,
the major biological activity of SO in intact living cells is on the cell
surface, because the oxidation–reduction reactions that take place
in the cytoplasm decrease its inhibitory effect (Cantley and Aisen,
1979; Dos-Santos et al., 2012).
Lockwood et al. (1988) reported that T. foetus releases phospha-
tases into the culture medium. However, De Jesus et al. (2006)
related that this parasite, as opposed to T. vaginalis and some try-
panosomatids, does not secrete phosphatases to the extracellular
medium. The results obtained here are in agreement with those
of the De Jesus et al. (2006) because we failed to detect phospha-
tase activities in the supernatants of either culture or enzyme reac-
tion medium of both forms and isolates. However, our data do not
rule out the possibility that some strains of T. foetus could be able
to secrete phosphatases.
Because our enzymatic assays were performed using intact liv-
ing parasites or plasma membrane-enriched fractions, the ecto-
phosphatase activity detected for T. foetus may probably be due
to more than one enzyme, as reported for other protists
(Andreeva and Kutuzov, 2008; Gomes et al., 2011). In fact, the
results of the present study clearly suggest the presence of at least
two distinct ecto-phosphatases activities differentially expressed
between both T. foetus forms and isolates. Similar to our results,
previous studies also reported the differential expression of differ-
ent ecto-phosphatase activities between strains and/or life cycle
stages of several parasitic protists, such as Trypanosoma cruzi
(Dutra et al., 2006; Furuya et al., 1998), Trypanosoma brucei
(Fernandes et al., 2003), Trypanosoma rangeli (Gomes et al.,
2006), Leishmania major (Aguirre-García et al., 2006) and Strigo-
monas culicis (Catta-Preta et al., 2013), as well in some pathogenic
fungal cells (Kneipp et al., 2012; Portela et al., 2010). As observed
here during the time-course of EFF transformation, it has been
demonstrated that the ecto-phosphatase activities of parasiteGiardia lamblia also increases during the course of the encystation
process (Amazonas et al., 2009).
In most studies concerning ecto-phosphatases, the exact molec-
ular nature of these enzymes has not been determined yet
(Andreeva and Kutuzov, 2008). Bakalara et al. (2000) demonstrated
that an ecto-phosphatase differentially expressed in the blood-
stream form of T. brucei may belong to a new enzyme family, lack-
ing homology to other known phosphatases. However, there are
evidences that PTPs may be the main enzymes responsible for a
large part of ecto-phosphatase activities detected in several patho-
genic unicellular microorganisms (Aguirre-García et al., 2003,
2006; Andreeva and Kutuzov, 2008; Furuya et al., 1998;
Heneberg, 2012). Similarly, our data also suggest that at least a part
of the ecto-phosphatase activities for both T. foetus forms exhibit
similar characteristics to PTPs.
Little is known concerning PTPs and their biological functions in
trichomonads. There are 259 protein sequences of T. foetus
reported in the GenBank (NCBI), and only one of them is a phos-
phatase, which is identiﬁed as LMW-PTP (Thomas et al., 2002).
Because the LMW-PTPs are a group of cytosolic PTPs ubiquitous
in eukaryotes and highly conserved from prokaryotes to mammals
(Gustafson et al., 2005; Thomas et al., 2002), these enzymes should
not be considered as a strong candidate for ecto-phosphatase in T.
foetus. The lack of a fully sequenced T. foetus genome is a factor that
complicates the process of understanding and mapping of parasite
proteins. Due to this, one strategy is utilises the T. vaginalis data-
base to attempt identiﬁcation by homology.
There are strong evidences suggesting that homologues of clas-
sical PTPs very similar to PTP1b from mammals and identiﬁed in E.
histolytica, including the EhPTPA and EhPTPB (Aguirre-García et al.,
2003; Herrera-Rodríguez et al., 2006), Leishmania spp. (Aguirre-
García et al., 2006; Nascimento et al., 2006) and Trypanosoma
spp. (Gallo et al., 2011; Szoor et al., 2006) may be involved in the
ecto-phosphatase activities, the life cycle differentiation and viru-
lence of these parasites. However, in contrast to kinetoplastids
and amoeba, classical PTPs homologues are absent in trichomo-
nads (Andreeva and Kutuzov, 2008). This could explain why the
anti-EhPTPA and anti-EhPTPB antibodies as well the compound
BZ3, a speciﬁc inhibitor of classical PTPs, (Gallo et al., 2011;
Szoor et al., 2006), did not affect the ecto-phosphatase activities,
cytotoxicity and the EFF transformation of T. foetus.
PRLs are a subgroup of dual speciﬁcity PTPs with an apparent
molecular weight of 20- to 25-kDa and a conserved C-terminal pre-
nylation site (Andreeva and Kutuzov, 2008). These enzymes have
been implicated in several cellular processes, such as growth, pro-
liferation, cell differentiation, tumorigenesis and metastasis forma-
tion (Sun et al., 2007; Zeng et al., 2000). In non-mitotic mammalian
cells (Sun et al., 2007; Zeng et al., 2000) and in some parasitic pro-
tozoa, such as, T. cruzi (Cuevas et al., 2005) and Plasmodium falcipa-
rum (Pendyala et al., 2008), PRLs have been characterised as an
active phosphatase that may be preferentially found on the plasma
membrane, early endosome and endoplasmic reticulum. In E. his-
tolytica, PRL is a 22-kDa protein that can be localised on the plasma
membrane and cytoplasm of trophozoites and their biological
functions are unknown (Ramírez-Tapia et al., 2013). Therefore,
the molecular weight and the subcellular localisation of T. foetus
24-kDa protein recognised by anti-EhPRL antibody support the
hypothesis that this protein could be a PRL-like protein.
PRLs have not been detected in T. vaginalis (Andreeva and
Kutuzov, 2008); however, in silico analyses have revealed that the
catalytic domain of dual speciﬁcity PTPs of the cdc14 subgroup
from T. vaginalis displays a signiﬁcant homology with the amino
acid sequence of EhPRL (not shown). This ﬁnding is expected
because it is well known that PRLs are more closely related to PTPs
of Cdc14 subgroup (Andreeva and Kutuzov, 2008). PRLs are not
ubiquitous in eukaryotes and they may be found in only few
A. Pereira-Neves et al. / Experimental Parasitology 142 (2014) 67–82 81species belonging to the same taxon (Andreeva and Kutuzov,
2008). MALDI mass sequencing of the immunoreactive 24-kDa
band was performed in order to get some de novo sequence data;
however, at the present moment, no-signiﬁcant results displaying
a better E-value and low false positive rates were obtained during
protein identiﬁcation using T. vaginalis database. Although T. foetus
and T. vaginalis are close relatives, they may have many differences
with respect to nucleotide sequences, suggesting that their pro-
teins could not have sufﬁcient homology to make this a useful
strategy (Greenwell et al., 2008). Our current investigations focus
on sequencing of full T. foetus genome to precisely identify the
PRL-like protein and the presence of other PTPs in the parasite.
Based on our data concerning the immunodetection and inhibi-
tion assays using anti-EhPRL antibody, we propose that the expres-
sion or up-regulation of the 24-kDa protein on the parasite’s
surface could be responsible by a part of the ecto-phosphatase
activities differentially expressed between PS and EFF, as well
between strains. However, our data does not exclude that other
ecto-phosphatases may be involved in these enzyme activities.
The inhibition induced by anti-EhPRL could be due that the anti-
bodies are recognising 3D epitopes within the structurally con-
served PTP domain that are critical for the enzymatic activity, or
that the antibody binding destabilizes the PRL-like protein in such
a way that the ecto-enzyme is not able to recognise it substrate.
Further studies are needed to clarify this issue.
Immunoelectron microscopy suggests that T. foetus PRL-like
protein could be translocated to the plasma membrane via exocy-
tosis. In intraerythrocytic stages of P. falciparum, the PRL is associ-
ates with endoplasmic reticulum and a subcompartment of the
food vacuole; however, in maturing merozoites, this enzyme may
be translocated to the cell surface (Pendyala et al., 2008). Similarly,
in promastigotes of Leishmania mexicana, the overexpression of an
ecto-phosphatase located in the endosomal compartment leads to
its abundant exposure on the parasite surface (Wiese et al., 1996).
The biological mechanisms that regulate the transformation of
the polarised PS form into the EFF have not been elucidated yet.
Here, it was shown that EFF induction, but not its reversion, was
partially blocked when a part of ecto-phosphatase activities of PS
parasites was irreversibly inhibited. Therefore, our results suggest
that the ecto-phosphatase activities of T. foetus could play a phys-
iological role during the EFF transformation. Similarly, there are
strong evidences suggesting that ecto-phosphatases activities
could regulate morphological transitions in some pathogenic fungi
(Alviano et al., 2003; Kneipp et al., 2012) and protozoa, such as, G.
lamblia (Amazonas et al., 2009), Trypanosoma spp. (Bakalara et al.,
2000; Furuya et al., 1998; Gomes et al., 2006) and Leishmania spp.
(Aguirre-García et al., 2006; Nascimento et al., 2006). Based on our
ultrastructural data, it is tempting to speculate that the ecto-phos-
phatase activities could signal the process of ﬂagella internalisa-
tion during EFF formation. However, further studies are needed
to determine the exact role of the T. foetus ecto-phosphatase activ-
ities during the process of transformation.
The detection of cell surface-localised phosphatase activity is
particularly interesting due to its possible role in the process of
host–parasite interactions (Gomes et al., 2011). In the present
study, the irreversible inhibition of a part of the ecto-phosphatase
activities partially reduced the cytotoxic effects exerted by both T.
foetus forms, indicating that the ecto-phosphatase activities could
provide an additional mechanism for cytotoxicity of T. foetus. Sim-
ilarly, some reports have demonstrated that the cytotoxicity of E.
histolytica (Aguirre-García et al., 2003) and Leishmania amazonensis
(Martiny et al., 1999) on the host cells was abolished when the par-
asites were pre-treated with PTP inhibitors. Moreover, Aguirre-
García et al. (2003) demonstrated that a membrane-bound PTP
from E. histolytica is able to induce cytotoxic effects by the disrup-
tion of the host cell actin microﬁlaments. Further studies areneeded to determine the exact role of T. foetus ecto-phosphatase
activities during its pathogenic process.
Some reports also demonstrated that the irreversible inhibition
of the ecto-phosphatase activities of some pathogenic Kinetoplast-
ids (Catta-Preta et al., 2013; Dos-Santos et al., 2012) and fungi
(Kneipp et al., 2012; Portela et al., 2010) provokes a reduction in
their ability to attach to host epithelial cells. In contrast, the results
presented here suggest that the ecto-phosphatase activities of both
T. foetus forms could not be involved in the process of parasite
adhesion to host cells.
Several studies have reported that ecto-phosphatase activities
may represent an important virulence marker for some parasitic
fungi and protists (De Jesus et al., 2006; Dutra et al., 2006;
Gomes et al., 2011; Heneberg, 2012). In agreement, here, a positive
correlation was observed between ecto-phosphatase activity, sur-
face expression of PRL-like protein and the cytotoxicity exerted
by both T. foetus forms to epithelial cells. Therefore, our data sup-
port the hypothesis that the rate of ecto-phosphatase activity and
the surface expression of PRL-like protein could represent viru-
lence markers for T. foetus.
In conclusion, to our knowledge, the present study demon-
strates for the ﬁrst time that the ecto-phosphatase activities on
intact living T. foetusmay differ in expression, biochemical proper-
ties and ultrastructural localisation between PS and EFF, as well,
between low- and high-cytotoxic strains. Furthermore, this study
brings to light additional evidences concerning the possible
participation of the ecto-phosphatase activities during the EFF
transformation and cytotoxicity of T. foetus. The knowledge of
how ecto-phosphatases potentially contribute to EFF formation
and pathogenesis of T. foetus may be useful to reveal new mecha-
nisms involved in the infectious process during trichomonosis
and provide a promising target for chemotherapy.Acknowledgments
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